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the mitrided surface. The insulator may be formed of a number
of different insulating materials such as a metal oxide, a metal
oxycarbide, a semiconductor oxide, or oxycarbide. In an
embodiment, the dielectric structure may be formed by nitri-
dation of a surface of an 1nsulator using ammoma and depo-
sition of a blocking insulator having a larger band gap than the
insulator. The dielectric structure may form part of a memory
device, as well as other devices and systems.
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CHARGE TRAPPING DIELECTRIC
STRUCTURES

PRIORITY APPLICATION

This application 1s a divisional of U.S. application Ser. No.
13/323,633, filed Dec. 12, 2011, now 1ssued as U.S. Pat. No.
8,866,210, which 1s a divisional of U.S. application Ser. No.
11/589 556, filed Oct. 30, 2006, now 1ssued as U.S. Pat. No.
8,076,200, all of which are 111c0rp0rated herein by reference
in their entirety:.

TECHNICAL FIELD

This disclosure relates generally to semiconductor devices
and device fabrication, including device dielectric layers and
methods of fabrication. More specifically, various embodi-
ments relate t non-volatile memory devices.

BACKGROUND

Certain non-volatile memory devices may operate by trap-
ping charges 1n a dielectric interface to adjust the threshold
voltage of a transistor and thus program the desired digital
value of the transistor. One method of trapping charges 1s
found 1n nonvolatile read-only memory (NROM) devices that
use a silicon nitride layer between a tunnel oxide layer and a
blocking oxide layer to trap charges.

NROM devices may be used to replace floating gate non-
volatile memory, such as flash memory, since the equivalent
oxide thickness (EOT) may be reduced, as compared to the
two separate isulator layers sometimes used 1n flash devices
(e.g., one below the floating gate electrode and one between
the floating gate and the control gate electrode). A lower EOT
may result in faster devices having increased reliability, due
to less reliance on physically thin insulator layers.

For example, 1n a floating gate memory each one of the two
surfaces ol each insulator layer may be 1n contact with a
conductive surface since each insulator layer may be located
between conductive electrodes such as the substrate, the
floating gate, and the control gate. Thus, a defect 1n either
insulator layer may cause a device failure 1n a floating gate
device. As a matter of contrast, defects may have less effect in
an NROM device since the isulators can be in contact with
each other, such as the nitride insulator between the tunnel
and blocking insulators.

A potential 1ssue with the use of a deposited nitride layer
between the tunnel insulator and the blocking insulator 1s that
the growth of anitride layer on other insulator layers typically
exhibits what 1s known as an incubation period, which may
vary from place to place on the insulator. This may result in a
non-uniform thickness nitride charge trapping layer, some-
times providing an increased EOT.

Another potential 1ssue with the use of a nitride layer
between two oxide layers (e.g., ONQO) 1s that the physical
thickness of the nitride layer can result in trapped charges that
are at different distances from the semiconductor channel
region and thus have slightly different effects on the channel.
Threshold voltages may thus have a wider distribution from
one device to another, or from one programming cycle to
another, as the physical thickness of the nitride layer may be

proportional to the threshold voltage vanation range.
Yet another 1ssue with nonvolatile memory devices using a

nitride layer between a tunnel insulator and a blocking 1nsu-

lator 1s that the 1njected electrons may pass through the tunnel
insulator as desired but not be trapped 1n the nitride layer and

pass through the blocking insulator to be lost to the gate

10

15

20

25

30

35

40

45

50

55

60

65

2

clectrode. This charge loss situation may result in increased
programming, or “write” times, and potentially increased
write voltages. Thus, there 1s a need for improved structures
and methods with respect to the manufacture of non-volatile
or persistent memory devices, such as NROM devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates an electronic device according to various
embodiments of the invention;

FIG. 2 1llustrates a band diagram of a tunnel insulator and
blocking insulator according to various embodiments of the
imnvention;

FI1G. 3 illustrates another band diagram of a tunnel insula-
tor and blocking insulator according to various embodiments
of the invention;

FI1G. 4 1llustrates a writing operation band diagram accord-
ing to various embodiments of the ivention;

FIG. 5 illustrates a simplified block diagram of a controller
coupled to an electronic device, according to various embodi-
ments of the invention; and

FIG. 6 illustrates an electronic system having devices
formed 1 accordance with various embodiments of the inven-
tion.

DETAILED DESCRIPTION

When transistor dimensions are scaled downward, the
properties of a nonvolatile memory transistor tend to follow
those of a volatile transistor, including operating faster and at
lower total power dissipation, with lower threshold voltages.
By making a shorter channel length for the signal to traverse,
the amount of time the signal carriers (either electrons or
holes) spend in the channel decreases and the speed of the
transistor increases. Reducing the lateral dimensions of a
transistor also increases the electric field strength that the
signal carriers encounter, which may result 1n faster carrier
velocity and increased transistor speed; a lower operating
voltage may sometimes also be used. Reducing the vertical
dimensions of a transistor, such as the gate insulator (for
example a silicon dioxide) thickness, also tends to increase
the electric field strength at a selected gate voltage, which
may the use of allow lower threshold voltages for the transis-
tor, which may 1n turn increase the channel conductance, as
well as increasing transistor reliability. However, reducing
the gate insulator thickness may also result in defective
devices and poor insulator properties, with increased leakage.

It 1s sometimes possible to reduce the effective gate insu-
lator thickness without reducing the physical gate insulator
thickness. Thus, 1n many embodiments, improved electrical
properties may be obtained without imncurring the potential
gate insulator defects or increased leakage current by the use
of gate insulators having a larger dielectric constant than
found 1n silicon dioxide.

A gate dielectric 1n a transistor may have both a physical
gate dielectric thickness and an equivalent oxide thickness
(EOT or t, ). The EOT quantifies the electrical properties,
such as capacitance, of the high k gate dielectric 1in terms of a
representative physical thickness of a silicon dioxide gate
dielectric. The term t,, may be defined as the thickness ot a
theoretical S10, layer that may have the same capacitance
density as a given dielectric. For the purposes of this docu-
ment, a “high-k” gate dielectric 1s one that has a dielectric
thickness greater than that of silicon dioxide.

A S10, layer deposited on a S1 surface as a gate dielectric
may have a t,_ larger than its physical thickness, t. This t_,

results from the capacitance in the surface channel upon
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which the S10, 1s deposited due to the formation of a deple-
tion/inversion region. The depletion/inversion region may
result in the t, being from 3 to 6 Angstroms (A) larger than
the physical S10, thickness, t. With the semiconductor indus-
try moving to scale the gate dielectric equivalent oxide thick-
ness downward to less than 10 A, the physical thickness for a
S10, layer used for a gate dielectric may be approximately 4
to 7 A.

Additional features for a S10, gate dielectric layer may
depend upon the properties of the gate electrode used 1n
conjunction with the S10, gate dielectric. Using a conven-
tional polysilicon gate may result 1n an additional increase in
t,, for the S10, layer. The additional t,  value may be reduced
by using a metal gate electrode, though metal gates are not
always used 1n complementary metal-oxide-semiconductor
(CMOS) field effect transistor technology or 1n nonvolatile
memory devices such as flash memory or NROM. Thus,
future devices may be constructed with a physical S10, gate
dielectric layer of about 5 A or less. Such a thin SiO,, oxide
layer may create undesirable current leakage across the thin
oxide.

S10, may be commonly used as a gate dielectric, 1n part,
due to 1ts electrical 1solation properties in a S10,—S1 based
structure. This electrical 1solation may be due to the relatively
large band-gap of S10, (8.9 eV) resulting 1n a relatively good
electrical insulator. Significant reductions 1n band-gap value
below those provided by S10, may reduce the utility of a
material for use as a gate dielectric. However, as the thickness
of a S10, layer decreases, the number of atomic layers, or
monolayers, of the material 1n the 1insulator layer decreases.
At some thickness, the number of monolayers may be so
small that the S10, layer may not have as complete an
arrangement of atoms as found 1n a thicker, or bulk, layer. As
a result of incomplete formation relative to a bulk structure, a
thin S10, layer of only one or two monolayers may fail to
form a full band-gap. The lack of a full band-gap 1n a S10,
gate dielectric may cause an effective short between an under-
lying conductive silicon channel and an overlying conductive
gate. This undesirable property tends to limit the minimum
physical thickness to which a S10, layer may be scaled,
perhaps to about 7-8 A. Therefore, for future devices to have
at,, lessthan about 10 A, dielectrics other than SiO, may be
more usetul as a gate dielectric.

For a gate dielectric layer, the capacitance may be approxi-
mately determined using a parallel plate capacitance formula:
C=ke,A/t, where k 1s the dielectric constant, &, 1s the per-
mittivity of iree space, A 1s the area of the capacitor, and t 1s
the thickness of the dielectric. The thickness t of a material
may be related to 1ts t,  for a given capacitance, with S10,
having a dielectric constant k_ =3.9, as

t=(k/k, ), ~(k/3.9)z,,.

Thus, materials with a dielectric constant greater than that of
S10, (typically about 3.9) may have a physical thickness
considerably larger than a desired t,_, while providing the
desired equivalent oxide thickness. For example, an 1llustra-
tive high-k dielectric material with a dielectric constant ot 10,
such as aluminum oxide Al,O,, may have a thickness of 25.6
A to provide a t,, of 10 A. Thus, in some embodiments, a
reduced equivalent oxide thickness for transistors may be
realized by using dielectric materials with higher dielectric
constants than $10,,.

As noted above, an equivalent oxide thickness for lower
transistor operating voltages and smaller transistor dimen-
sions may be realized by using matenals having a higher
dielectric constant. However, additional fabrication issues
can make determining a suitable replacement for S10, difi-
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cult. If the use of silicon-based devices continues, then poten-
tially significant constraints on the substitute dielectric mate-
rial may occur. For example, during the formation of the
dielectric on the silicon layer, there exists the possibility that
a small layer of S10, may be formed 1n addition to the desired
dielectric. The electrical result may comprise a dielectric
layer having two sub-layers connected to each other and to the
s1licon layer on which the dielectric 1s formed. In such a case,
the resulting capacitance would be that of two dielectrics 1n
series and the t, of the dielectric layer may be considered as
the sum of the S10, thickness and a multiplicative factor of the
thickness t of the dielectric being formed:

Ieg :r5f£?2+(kax/k)r'

If a S10, layer 1s formed 1n the process of forming the high k
dielectric, the t, may again be limited by the 510, layer.
Thus, a useful property of a huigh k dielectric may be an
oxygen barrier to prevent a layer of S10,, from forming on the
s1licon surface. The layer directly in contact with the silicon
layer may provide a high quality interface for high channel
carrier mobility and low surface charge density.

One of the advantages of using S10, as a gate dielectric
may be that the formation of the S10,, layer results in an
amorphous gate dielectric. An amorphous structure for a gate
dielectric may reduce leakage current problems associated
with grain boundaries i1n polycrystalline gate dielectrics,
sometimes 1implicated 1n high current leakage paths. Crystal
grain size and orientation changes throughout a polycrystal-
line gate dielectric may cause variations 1n the film’s dielec-
tric constant, along with umiformity and surface topography
1ssues. Materials having a high dielectric constant relative to
S10, may also have the disadvantages of a crystalline form,
with a lower band gap width.

Another consideration for selecting the material and
method for forming a dielectric film for use in electronic
devices may be the roughness of the dielectric film on a
substrate. For example, surface roughness may have a signifi-
cant elffect on the electrical properties of the gate oxide and
the resulting operating characteristics of the transistor. The
leakage current through a physical 1.0 nm gate dielectric may
increase by a factor of 10 for every 0.1 increase in the root-
mean-square (RMS) roughness of the dielectric layer. Surface
roughness may be increased during a sputtering deposition
process, when particles of the material to be deposited may
bombard the surface at a high energy. When a sputtered par-
ticle hits the surface, some particles may adhere and other
particles may cause surface damage by knocking out a portion
of the surface layer creating pits. The surface of such a depos-
ited dielectric layer may have a rough contour due to the
rough interface at the body region and thus the electrical
properties of a thuin film may not be as good as the values 1n a
bulk sample of the same material. Thus the method used to
form a thin film dielectric may have a substantial impact on
the usefulness of the material 1n electronic devices.

In a nonvolatile memory device such as an NROM, the use
ol a silicon nitride layer between two silicon dioxide layers
may result 1n a gate dielectric that has a higher overall dielec-
tric constant than the silicon dioxide 1nsulator layers used in
floating gate memory devices and thus provide an effectively
thinner gate dielectric and improved transistor properties.
The thickness of the nitride layer may be made smaller and
more uniform by forming the nitride film by a nitridation
reaction with the underlying oxide film. For example, a tun-
neling oxide film formed of S10, may have the surface con-
verted to a silicon nitride (S1;N,) by a high temperature
operation, by laser heating, or by a plasma heating 1n an
ammonia (NH;) ambient or other source of nitrogen, such as
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nitrogen gas or nitrous oxide (N,O). The resulting thin nitride
film may provide improved transistor threshold voltage dis-
tributions since the potential variations 1n the distance of the
trapped charges from the channel region are reduced by the
reduced thickness of the nitride layer. However, the thin
nitride layer may also present problems due to the number of
injected charge carriers (lfor example electrons) that are
trapped in the nitride rather than continuing to tunnel through
the nitride and the blocking insulator. These non-trapped
charges may result 1n increased programming times.

A method to reduce the number of non-trapped charges 1n
either a thin nitride layer grown by converting an oxide layer
or in a deposited nitride layer may be to engineer the band-gap
of the tunnel 1nsulator formed between the nitride layer and
the substrate, as compared to the band-gap of the blocking
insulator formed between the nitride layer and the transistor
gate electrode. By increasing the band-gap of the blocking
insulator to about the 8.9 €V found in silicon dioxide layers,
or by reducing the band-gap of the tunnel insulator to below
8.9 eV, or both, a blocking barrier may be formed that reduces
the number of charges that successiully tunnel from the sub-
strate to the gate electrode.

In an illustrative embodiment, a non-volatile memory
device, such as an NROM, may have a thin nitrided surface of
a tunneling insulator formed of metal oxide or a metal oxy-
carbide (1.e., having a general formula o1 MO+, or M .C;0O.,)
which may provide a charge carrier trap that has essentially
all the trapped charges at the same distance from the transistor
channel region, resulting in tight threshold distribution. The
thin nitride trap layer may have a large portion of the tunnel-
ing electrons or the hot injected electrons from the tunneling
layer tunnel right through the trap layer due to the thin layer,
as tunneling depends exponentially on the barrier height and
thickness. This activity may be improved by the formation of
a charge blocking insulator over the nitrided surface which
may have a larger band gap value than the tunneling insulator,
resulting in reflection of charges tunneling through the nitride
trapping layer and improving the charge trapping eificiency
of the thin nitrided layer. The dielectric structure may be
formed with a high k material for the tunneling layer and may
thus obtain faster transistor operation, the charge reflecting
layer may obtain faster programming and erase times, due to
the efficiency of the charge trapping layer. These NROM
devices may be used in integrated circuits as persistent
memory devices. The dielectric structure may be formed by
nitridation of a surface of a tunnel insulator using ammeonaia or
other source of nitrogen and an energy source of a thermal
process, a plasma process, a laser process, or a radiation
process. The nitride trapping layer may also be formed by
chemical vapor deposition, atomic layer deposition, or by
physical vapor deposition.

It should be noted that the above mentioned illustrative
embodiments are not intended to be limited to the disclosed
arrangement and methods, but may include any method of
forming a relatively thin (from one to about five molecular
layers) charge trapping layer on a tunnel insulator material
having a lower band gap value than an overlaying charge
blocking insulator. The structure may be formed of any com-
bination of metals or semiconductors in oxide, nitride, or
carbide forms, or combinations thereof.

FIG. 1 1llustrates an electronic device according to various
disclosed embodiments. The electronic device 100, which
may comprise a transistor, a non volatile transistor, a memory
element, a tunnel diode, or other basic electronic devices and
more complex electronic devices formed from groups of
basic electronic devices, may be formed on a semiconductor
substrate 102 having a selected charge carrier polarity doping
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type, such as P type for predominant hole carriers, or N type
for predominant electron carriers. The substrate 102 may
have a channel region 104 that 1s under the control of a gating
signal and source and drain regions 106 that have a doping
type opposite of the substrate 102 doping type. The transistor
may comprise an NROM nonvolatile memory transistor and
may include a tunnel mnsulator 108 on the channel region 104
extending at least between the source and drain regions 106.
The tunnel 1nsulator may be formed ot S10,, other silicon
oxides or other insulator materials such as metal oxides, metal
carbides, and metal oxycarbides. The silicon dioxide may
have a band-gap of about 8.9 eV.

The tunnel 1nsulator 108 may have a charge trapping layer
110 formed by deposition or by surface conversion of the
tunnel insulator material. The trapping layer may be formed
of silicon nitride. The trapping layer may be formed by a
chemical nitridation reaction of ammonia or other nitrogen
source, of the surface of the tunnel insulator material 108,
using thermal processing, laser processing, plasma process-
ing, or radiation processing to drive the chemical reaction.
The nitride trapping layer 1s thinned to localize the trapped
charge at a fixed distance from the channel region 104, pro-
viding uniform threshold voltage for the device 100. For
example, the nitride trapping layer may be one or two molecu-
lar layers and be less than 1 nm in thickness.

The trapping layer 110 may have a blocking insulator 112
formed on a top surface opposite the tunnel insulator 108. The
blocking insulator may be formed of silicon oxide, silicon
oxynitride, or other insulator maternals. The blocking insula-
tor material 112 may have a band gap value larger than a band
gap of the tunnel msulator 108, to provide a charge reflector
interface to improve the trapping eificiency of the nitride
trapping layer 110. Improved trapping eificiency may result
in device programming time reduction.

The gate electrode 114 may be formed on the blocking
insulator 112, or on the trapping layer 110 i1 the blocking
insulator 1s not present, and may be formed of doped poly-
crystalline silicon or other conductive material. The gate elec-
trode may electrically interconnect the device 100 to adjacent
devices or to another conductive matenal.

The NROM transistor 1llustrated in FIG. 1 may operate by
either or both hot electron injection and Fowler-Nordheim
tunneling of electrons, which may occur at or near grounded
source and/or drain regions 106 during the operation of the
transistor 100, such as during operation 1n the saturated mode
near the point in the channel region 104 where an inversion
region ends. The charges may pass through the tunnel 1nsu-
lator 108 and become trapped 1n the trapping layer 110, thus
shifting the threshold voltage of the device 100. This may be
known as programming, or writing data to, the device 100.

FIG. 2 1llustrates a band diagram of a tunnel insulator and
blocking insulator according to various embodiments. The
band diagram may be compared to the device of FIG. 1 and
similar portions of the figures have the same last two numbers
in their designations. The device 200 may have a channel
region (see channel region 104 of FIG. 1) with a conduction
band value 204. A tunnel insulator 208 formed on the channel
region may have a conduction band value, which may be
higher than the conduction band of a semiconductor. A trap
layer 210, which may be formed of a nitride layer, may have
a conduction band value 01 218. A blocking insulator 212 may
have a conduction band value that 1s the same as or different
from the conduction band value of the tunnel insulator 208. In
an embodiment where the blocking insulator 1s formed of the
same material as the tunnel insulator, the band diagram may
be as presented 1n FIG. 2. An electron or other charge carrier
220, which may be tunneling through the tunnel insulator 208
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or may be from hot electron injection, may travel through or
over the barrier represented by the tunnel insulator. The
charge carrier 220 1s shown in FIG. 2 as having enough energy
to be above the conduction band 216 for insulator 208, but
many embodiments are not so limited.

The charge carrier 220 maybe trapped 1n layer 210 1n trap
state 222, or may pass through the blocking insulator 212, as
shown at location 224, so as to enter the gate electrode 214.
Charges that tunnel completely through the dielectric layers
208, 210 and 212 to the gate electrode 214 can result 1n a loss
of trapping elliciency of the trap layer 210, reducing the
signal voltage at the gate electrode and increasing the write
time or programming time of the device 200.

FIG. 3 illustrates another band diagram of a tunnel 1nsula-
tor and blocking 1insulator according to various embodiments.
In this case, a charge carrier 320 may pass through or over the
barrier represented by the tunnel msulator 308, and may be
trapped 1n the trap layer 310, as shown for charge 322, which
1s below the conduction band level 318 for the trapping mate-
rial. The blocking insulator 312 1s shown as having a conduc-
tion band value 326 that 1s higher than the conduction band
value 316 for the tunnel insulator 308. As aresult of the tunnel
insulator 308 having a lower conduction band value than the
blocking isulator 312, a charge 320 may be less likely to
tunnel through the blocking insulator, perhaps being reflected
as shown 1n charge 324. Thus, the reflected charge 324 has at
least one more chance to be trapped 1n layer 310 and become
a trapped charge 322.

FIG. 4 1llustrates a writing operation band diagram accord-
ing to various embodiments. The band diagram for a trap
dielectric structure with a negative relative charge on the
substrate having conduction band value 404 1s shown with a
hot electron 1njection charge 420 having enough energy to go
over the barrier represented by the tunnel insulator 408. The
charge 424 1s shown with an increased probability of pen-
ctrating the barrier 408 because, while the barrier height 1s
still the same, the barrier thickness at the energy of charge 424
1s now thinned and the probability of tunneling 1s exponen-
tially dependent upon the height and upon the width of the
barrier.

FIG. 5 illustrates a simplified diagram for an illustrative
clectronic system 500 having one or more devices including
a dielectric layer containing a charge trapping region accord-
ing to various disclosed embodiments. The electronic system
500 may include a controller 502, a bus 504, and an electronic
device 506, where bus 504 provides electrical conductivity
between controller 502 and electronic device 506. In various
embodiments, the controller 502 and/or electronic device 506
may include a nonvolatile memory device as previously dis-
cussed herein. Electronic system 500 may include informa-
tion handling, wireless, telecommunication, fiber optic, auto-
motive, electro-optic, mobile electronics, handheld devices,
and computer systems. Electronic device 506 may comprise a
microprocessor, a floating point unit, an arithmetic logic unait,
a memory device, a multiplexer, an address decoder, a power
controller, or any other electronic device used in computer,
telecommunication, sensor, display and other products.

FIG. 6 depicts a diagram of an electronic system 600 hav-
ing at least one device formed 1n accordance to the disclosed
embodiments, including a controller 602 and a memory 606.
Controller 602 and/or memory 606 may include a memory
device as a portion of a memory. The system 600 may also
include an electronic apparatus 608 and a bus 604, where the
bus 604 may provide electrical conductivity and data trans-
mission between controller 602 and electronic apparatus 608,
and between controller 602 and memory 606. The bus 604
may include an address, a data bus, and a control bus, each
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independently configured. The bus 604 may use common
conductive lines for providing address, data, and/or control,
the use of which may be regulated by the controller 602. In
some embodiments, the electronic apparatus 608 may include
additional memory devices configured similar to the memory
606. Some embodiments may include an additional periph-
eral device 610 coupled to the bus 604. In an embodiment, the
controller 602 comprises a processor. Any of the controller
602, the memory 606, the bus 604, the electronic apparatus
608, and peripheral devices 610 may include a memory
device (e.g., stmilar to the device 506 of FIG. 5) 1n accordance
with the disclosed embodiments.

System 600 may include, but 1s not limited to, information
handling devices, telecommunication systems, mobile elec-
tronic devices such as laptop computers, handheld personal
clectronic devices such as personal digital assistants (PDA),
handheld communication devices such as cell phones, and
computers. Peripheral devices 610 may include displays,
additional storage memory, or other control devices that may

operate 1n conjunction with controller 602 and/or memory
606.

It should be understood that some embodiments are
equally applicable to any size and type of memory circuit and
are not itended to be limited to a particular type of memory
device. Thus, the described transistor arrangement may be
used in NROM type device, but may be found as a portion of
other memory devices, such as a DRAM (Dynamic Random
Access Memory), SRAM (Static Random Access Memory)
or flash memory. Additionally, the DRAM may comprise a
synchronous DRAM commonly referred to as SGRAM (Syn-
chronous Graphics Random Access Memory), SDRAM
(Synchronous Dynamic Random Access Memory), SDRAM
II, and DDR SDRAM (Double Data Rate SDRAM) as well
as Synchlink or Rambus DRAMSs and other emerging DRAM
technologies. Many embodiments may be realized as meth-
ods. For example, some embodiments include a method of
forming a charge trapping dielectric on a substrate, where the
dielectric structure has a first portion on the surface of the
substrate having a first band gap value, a second portion
disposed upon the first portion to trap charge carriers, and a
third portion with a second band gap value that 1s higher than
the first band gap value. The first portion of the dielectric may
comprise a tunneling 1insulator formed of a material having a
band gap lower than the 8.9 eV of silicon dioxide and thin
enough to allow electron tunneling and hot electron 1njection.
The first material may be formed of semiconductor oxides,
semiconductor carbides, metal oxides, metal carbides, mixed
metal oxides and carbides, oxynitrides of metal or semicon-
ductors, oxycarbides of metals or semiconductors, and mix-
tures of various metal and semiconductor base materials with
mixtures of oxygen, carbon, and nitrogen to provide an engi-
neered band gap value for the tunnel insulator. Some embodi-
ments iclude silicon oxycarbide, S1.C;0., where the sub-
script values are selected to provide a first band gap value of
about 4 eV. However, the band gap may be selected to vary
from about 1 €V to about 9 V. The tunnel 1nsulator band gap
may be selected to provide a combination of high dielectric
constant (high k) for fast transistor operation and a low
enough band gap as compared to the blocking insulator band
gap value to improve the charge trapping efficiency of the
second portion of the dielectric structure. Embodiments
include zirconium, hainium and titanium oxides, for example
having a formula of T1,0; for titanmium oxide, and having
band gaps from about 5 to 6 €V may also be developed.

The second portion of the dielectric structure may include
a nitrided portion of the tunnel insulator material to form a
thin charge trapping layer, which has almost all of the trapped




US 9,356,112 B2

9

charge at the same distance from the channel region under the
tunnel 1insulator, and thus has a tight distribution of threshold
voltages. The thin nitride charge trapping layer may comprise
a single molecular layer less than 1 nm 1n thickness. The
second portion may be formed by a variety of processes,
including nitridation reactions using nitrogen, ammonia, or
nitrous oxide in a thermal process, a laser heating process, a
radiation heating process, or a plasma process. Some embodi-
ments include forming the thin nitride second portion by
atomic layer deposition, chemical vapor deposition, or physi-
cal vapor deposition processes.

The third portion of the dielectric structure may comprise a
blocking insulator layer having a higher band gap than the
tunnel 1insulator and thus may reflect tunneling electrons and
hot 1njection electrons back towards the charge trapping
nitride layer. The third portion may be formed of silicon
oxide, S10,, silicon germanium carbide or silicon germanium
oxynitride. The thickness of the third portion may be selected
to determine the overall threshold voltage of the transistor
contaiming the dielectric structure. Such a transistor may
comprise a nonvolatile memory transistor such as a NROM
device.

Some embodiments may include an electronic device hav-
ing a semiconductive substrate, which may have a selected
crystal orientation such as [100], [111], [110] or other well
known surface orientations, a first insulator material on a part
of the substrate having a first band gap value, a second 1nsu-
lator material on the first insulator material having a charge
trapping interface with the first insulator material, a third
insulator material having a second band gap value, and a
conductor on the third insulator material. The second band
gap value may be selected so as to be higher than the first band
gap value to provide a reflection surface for tunneling charges
and 1mprove the trapping efficiency of the charge trapping
interface. The second insulator material may comprise a
nitride layer, such as a metal nitride layer, and 1t may form a
portion of the first mnsulator material with added nitrogen
from a thermal nitridation reaction of the first insulator mate-
rial prior to deposition of the third insulator. Some embodi-
ments may include transistors, electronic devices, memory
devices, electronic systems, and personal electronic systems
having nonvolatile memory transistors constructed according
to the various embodiments contained herein.

The detailed description refers to the accompanying draw-
ings that show, by way of illustration, specific aspects and
embodiments 1 which the present disclosed embodiments
may be practiced. These embodiments are described in sui-
ficient detail to enable those skilled 1in the art to practice
aspects of the present invention. Other embodiments may be
utilized, and structural, logical, and electrical changes may be
made without departing from the scope of the disclosed
embodiments. The various embodiments are not necessarily
mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodi-
ments.

The terms “water” and “substrate’ as used 1n the descrip-
tion may include any structure having an exposed surface
with which to form an integrated circuit (IC) structure. The
term “‘substrate” 1s understood to include semiconductor
wafers. The term ““substrate™ 1s also used to refer to semicon-
ductor structures during processing and may include other
layers that have been fabricated thereupon. Both “wafer” and
“substrate” may include doped and undoped semiconductors,
epitaxial semiconductor layers supported by a base semicon-
ductor or insulator, as well as other semiconductor structures
well known to one skilled 1n the art. The term “conductor’ 1s
understood to generally include n-type and p-type semicon-
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ductors and the term “insulator’” or “dielectric” 1s defined to
include any material that 1s less electrically conductive than
the materials referred to as conductors or as semiconductors.

The term “hornizontal” as used 1n this application 1s defined
as a plane parallel to the conventional plane or surface of a
waler or substrate, regardless ol the orientation of the watfer or
substrate. The term “vertical” refers to a direction perpen-
dicular to the horizontal as defined above. Prepositions, such
as “on”, “side” (as 1 “sidewall”), “higher”, “lower™, “over”,
and “under” are defined with respect to the conventional
plane or surface being on the top surface of the waler or
substrate, regardless of the orientation of the water or sub-
strate.

Although specific embodiments have been 1illustrated and
described herein, 1t will be appreciated by those of ordinary
skill 1n the art that any arrangement that 1s calculated to
achieve the same purpose may be substituted for the specific
embodiments shown. This application 1s intended to cover
any adaptations or variations of embodiments of the present
invention. It 1s to be understood that the above description 1s
intended to be illustrative, and not restrictive, and that the
phraseology or terminology employed herein 1s for the pur-
pose ol description and not of limitation. Combinations of the
above embodiments and other embodiments will be apparent
to those of skill 1n the art upon studying the above description.
The scope of the present disclosed embodiments includes any
other applications in which embodiments of the above struc-
tures and fabrication methods are used. The detailed descrip-
tion 1s, therefore, not to be taken 1n a limiting sense and the
scope of the present invention 1s defined only by the appended
claims, along with the tull scope of equivalents to which such
claims are entitled.

What 1s claimed 1s:

1. A system comprising:

a controller; and

an electronic apparatus coupled to the controller, wherein

the electronic apparatus 1includes:

an amorphous dielectric structure 1n an integrated cir-
cuit, the amorphous dielectric structure containing a
tunneling dielectric material consisting of M, C,0O.,
wherein M- 1s a metal, a metal oxide charge blocking,
dielectric material, and a nitride charge trapping
dielectric material between the tunneling dielectric
material and the metal oxide charge blocking dielec-
tric material wherein the nitride charge trapping
dielectric material consists of a nitrided surface of the
tunneling dielectric material and an overall threshold
voltage of the electronic apparatus 1s set by an equiva-
lent oxide thickness of the metal oxide charge block-
ing dielectric material; and

a conductive layer contacting the amorphous dielectric
structure.

2. The system of claim 1, wherein the electronic apparatus
includes a memory.

3. The system of claim 1, wherein the tunneling dielectric
material includes an oxycarbide matenal.

4. The system of claim 1, wherein the tunneling dielectric
material has a lower conduction band value than the metal
oxide charge blocking dielectric material.

5. The system of claim 1, wherein the mitride charge trap-
ping dielectric material comprises a nitrided monolayer of the
tunneling dielectric material and has a thickness of less than
1 nm.

6. The system of claim 1, wherein the amorphous dielectric
structure 1s disposed above a substrate structure.

7. The system of claim 6, wherein the substrate structure
comprises a channel region that 1s under control of a gating
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signal and source and drain regions that have a doping type
opposite ol a substrate doping type.
8. The system of claim 1, wherein the electronic apparatus

comprises an NROM nonvolatile memory transistor.

9. The system of claim 1, wherein the nitride charge trap-
ping dielectric material 1s configured to localize trapped
charge at a fixed distance from a channel region.

10. A system comprising:

a controller; and

a non-volatile memory device coupled to the controller,

wherein the memory device includes a dielectric struc-

ture comprising:

a {irst structure disposed above the surface of a substrate
such that the first structure 1s an amorphous dielectric
material disposed on and contacting a device region
operable to conduct current in the memory device, the
first structure having a composition with a first band-
gap value, the composition consisting of M,C,0O.,
wherein M- 1s a metal;

a second structure disposed on and contacting the first
structure by nitridation of a surface of the composi-
tion of the first structure, the second structure consist-
ing of a dielectric nitride of the composition and con-
figured to be a charge trapping region having a
composition to trap charge carriers, the composition
of the second structure having a band-gap value less
than the first band-gap value; and

a third structure disposed on and contacting the second
structure, the third structure having a second band-
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gap value, the second band-gap value being greater
than the first band-gap value, the third structure being
a dielectric; and

a conductive material disposed on and contacting the
third structure, the conductive material conductively
coupled to a structure on the substrate separate from

the dielectric structure.
11. The system of claim 10, wherein the first structure has
a dielectric constant greater than 10 and the third structure has

a dielectric constant of 4.

12. The system of claim 10, wherein the substrate com-
prises a silicon crystal having a crystal orientation at the
surface and the dielectric structure comprises an equivalent
oxide value for a first dielectric constant of the first structure,
plus an equivalent oxide value for a second dielectric constant
of the second structure, plus an equivalent oxide value for a
third dielectric constant of the third structure.

13. The system of claim 10, wherein the dielectric structure
comprises a total equivalent oxide thickness of less than 1.0
nm.

14. The system of claim 10, wherein the third structure
comprises one of: silicon oxide, silicon dioxide, silicon ger-
manmium carbide, or silicon germanium oxynitride.

15. The system of claim 10, wherein the first structure
comprises a {irst thickness that 1s greater than a second thick-
ness of the second structure and the third structure comprises
a third thickness 1s greater than the second thickness.
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